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Background: The objective of this study was to determine differences in EBC pH between
samples obtained by RTube and EcoScreen, and to identify the effect of storage at 80 1C
on the pH values.
Methods: Twenty-three nonsmoking subjects with asthma or allergic rhinitis or without
respiratory disease performed two sequential exhaled breath condensate (EBC) collec-
tions, using the RTube collection system and the EcoScreen condenser. EBC pH was
measured immediately after collection and after storage at 80 1C for 8 weeks, without
deaeration and repeated following deaeration with Argon.
Results: In EBC samples without deaeration, the EcoScreen pH values were signiﬁcantly
higher than the RTube pH values (mean difference, 0.32; 95% CI, 0.21–0.44, Po0:0001). In
deaerated EBC samples, the EcoScreen pH values were also signiﬁcantly higher than the
RTube pH values (mean difference, 0.12; 95% CI, 0.01–0.25, P ¼ 0:04). For both EBC
collection systems, storage for 8 weeks had a signiﬁcant inﬂuence on pH of nondeaerated
samples.
Conclusions: The present study demonstrates that EBC pH value is dependent on the
collection device used and that the storage for 8 weeks had a signiﬁcant inﬂuence on the
pH of samples analyzed without deaeration.
& 2007 Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
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Most inﬂammatory diseases of the lung are associated with
increases in tissue concentrations of a variety of inﬂamma-
tory mediators, which can be detected in sputum, bronch-
oalveolar lavage, and bronchial biopsies. However, some
patients are unable to produce sputum even when stimu-
lated with ultrasonic nebulized hypertonic saline solutions.
Furthermore, both lavage and biopsy methods involve some
risk to patients, and they cannot be used on a routine basis
for monitoring the course of lung diseases or the response of
these disorders to therapy. It is, therefore, understandable
that considerable interest has grown in the exhaled breath
condensate (EBC) analysis, which may provide a noninvasive
method for collecting and analyzing respiratory ﬂuid.
Acidiﬁcation of EBC has been demonstrated during acute
exacerbations of asthma1 and also in patients with moderate
to severe asthma,2 chronic obstructive pulmonary disease2
(COPD), bronchiectasis,2 cystic ﬁbrosis3 and acute respira-
tory distress syndrome.4 In addition, EBC pH correlates well
with other indices of airway inﬂammation, such as induced
sputum eosinophilia and neutrophilia.2 Thus, EBC pH
has been proposed as a biomarker of disease severity in
asthmatic patients.
Some technical factors that inﬂuence EBC pH measure-
ment had been recently established. The pH of EBC
immediately tested tends to be unstable and, to enhance
the stability of the determinations, deaeration with argon
can be performed. Although this procedure induces an
increase4,5 in pH values of approximately 1.00, it has been
demonstrated that the pH of deaerated EBC is not affected
by ventilatory pattern, duration of storage (up to 2 yr), oral
versus endotracheal collection, use of nose clip, acute
bronchoconstriction with methacholine, or length of time at
room temperature before analysis.6–9 There is a debate,
however, as to whether orally collected EBC pH assays
reﬂect acidiﬁcation of the lower airways, because at least
in subjects with COPD, EBC acidiﬁcation can be affected by
the balance of volatile salivary acids and bases, suggesting
that EBC pH may not be a reliable marker of airway
acidiﬁcation.10
Several different devices have been designed for EBC
collection, but the two commercially available devices most
commonly used are the EcoScreen (an electric refrigerated
system) and the RTube (a portable device). To the best of
our knowledge, only one study has examined the potential
inﬂuence of the collection system on EBC pH. Leung et al.11Table 1 Characteristics of study population.
Asthma
Subjects number 10
Age (yrs) 41 (29–54)
Male 3 (30)
Duration of symptoms (yrs) 20 (14–25)
FEV1, % predicted 94 (75–112)
FEV1/FVC (%) 73 (64–82)
Data are presented as mean (95% CI), and number (%); FEV1 ¼ force
not applicable.reported that, in nine healthy subjects, the pH values were
lower in nondeaerated EBC collected by RTubes than
EcoScreen. Furthermore, no information is available on
differences in EBC pH between deaerated samples collected
by different devices. The objective of this study was to
determine differences in EBC pH between samples obtained
by RTube and EcoScreen, and to identify the effect of
storage at 80 1C on the pH values obtained with these two
collection systems.Subjects and methods
Subjects
Exhaled breath condensate samples were collected from 10
asthmatic subjects (7 atopics), from seven subjects with
allergic rhinitis, and from six healthy controls (Table 1).
Asthmatic and allergic rhinitis patients were selected from
those attending the outpatient clinic of the Department of
Allergy, whereas healthy subjects were recruited from
volunteers in our institution. Subjects aged 18–70 yr were
eligible for the study. All subjects were nonsmokers, and
none had a history of chronic bronchitis, emphysema, or
respiratory tract infections during the 4 weeks before the
study. Current smokers, pregnant women, and subjects with
signiﬁcant renal, hepatic, or cardiovascular disease were
speciﬁcally excluded. Asthmatic patients abstained from
short- and long-acting bronchodilators for 6 and 12 h,
respectively. The study protocol was approved by the local
ethics committee, and informed consent was obtained from
all participants.Pulmonary function
Lung function (ﬂow–volume curves) was measured using a
calibrated pneumotachograph (Jaeger MasterScope, Erich
Jaeger GmbH; Wu¨rzburg, Germany) according to standar-
dized guidelines.12 Baseline FEV1 and FVC levels were
measured until three reproducible recordings differing by
o5% were obtained. Maneuvers were accepted as techni-
cally satisfactory if the back-extrapolated volume was
o150ml or 5% of FVC and if the expiratory time was at
least 6 s. The highest values were used for analyses.
Reference values were those of the European Community
for Coal and Steel.13Allergic rhinitis Healthy
7 6
35 (24–46) 41 (27–55)
3 (43) 1 (17)
16 (5–27) NA
112 (92–133) 118 (103–134)
84 (77–91) 79 (74–85)
d expiratory volume in 1 s; FVC ¼ forced vital capacity; NA ¼
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EBC pH with two devices 1717Collection of EBC
EBC was collected using the RTube collection system
(Respiratory Research, Inc, Charlottesville, VA) and the
EcoScreen condenser (Erich Jaeger GmbH, Wu¨rzburg,
Germany). The design of these collection devices reliably
prevents salivary contamination of EBC. Subjects performed
15min EBC collections with both RTube and EcoScreen
15min apart, with the order of device randomized. The
condensing temperature at the start for EcoScreen was
about 20 1C, and aluminum sleeves for RTubes were kept
for at least 1 h in a freezer consistently at 20 1C before use.
Subjects breathed normally through their mouth into the
devices and they were also instructed to temporarily
discontinue collection if they needed to swallow saliva or
cough. Nose clips were not worn. Samples were aliquoted
into separate 500 ml tubes; the ﬁrst aliquot was analyzed
immediately after collection and the second after store at
80 1C for 8 weeks.7
8
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The pH of the EBC was measured before and after
deaeration with argon using a calibrated pH meter incorpor-
ating a sensor with temperature compensation (model pH
900) with a Biotrode electrode (Metrohm AG, Herisau,
Switzerland), and with an accuracy of70.01 pH. Deaeration
was performed by bubbling argon through the sample for
8min.1,88 9
pH Eco Screen
7
Figure 1 Comparison of pH in nondeaerated (a) and deaerated
(b) EBC samples analyzed immediately after collection.
Individual data points plotting the pH values are shown for
the RTube in comparison to the EcoScreen method. The solid
line is the line of identity. Closed squares ¼ asthma; open
squares ¼ allergic rhinitis; circles ¼ healthy.Statistical analysis
All numerical variables are reported as arithmetic means
with 95% conﬁdence intervals (CI). To evaluate normality of
distributions Kolmogorov–Smirnov test was used and a P
value 40:05 was obtained. Furthermore, the order of
the collection devices had no inﬂuence on the pH values.
Thus, difference in pH was assessed by paired t tests. P
values are two sided, and values o0.05 were considered
statistically signiﬁcant. In addition, repeated pH measure-
ments were shown graphically by plotting the difference
against the mean as recommended by Bland and Altman.14
Data were analyzed with a statistical software package
(InStat for Windows version 3.00; GraphPad Software, San
Diego, CA).Results
Effect of the collection system
The EBC volume obtained with each method was similar,
with mean (95% CI) values of 1.67ml (1.46–1.88) for the
EcoScreen and 1.76ml (1.63–1.90, P ¼ 0:44) for the RTube.
In nondeaerated EBC samples analyzed immediately after
collection, the EcoScreen pH values were signiﬁcantly
higher than the RTube pH values (Fig. 1a), with mean (95%
CI) values of 6.99 (6.85–7.13) and 6.67 (6.53–6.81,
Po0:0001). The pH values obtained with the EcoScreen
and the RTube system are shown in Fig. 2 as differencesbetween values obtained with each system plotted against
the mean according to Bland and Altman.12 The mean
difference in the pH values obtained with each device was
0.32 (95% CI, 0.21–0.44).
In deaerated EBC samples analyzed immediately after
collection, the EcoScreen pH values were also signiﬁcantly
higher than the RTube pH values (Fig. 1b) with mean (95% CI)
values of 8.17 (8.08–8.26) and 8.05 (7.92–8.17, P ¼ 0:04).
The mean difference in the pH values obtained with each
device (Fig. 2b) was 0.12 (95% CI, 0.02–0.25).Effect of freezing
After freezing for 8 weeks, both deaerated and nondeaer-
ated samples obtained with EcoScreen were signiﬁcantly
less acidic than those obtained with RTube (data not shown).
For both EBC collection systems, storage of samples at
80 1C for 8 weeks had no effect on the EBC pH when
samples were deaerated before analysis (Table 2). By
contrast, the nondeaerated pH values obtained after
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Figure 3 Comparison of pH in nondeaerated EBC samples
obtained with the EcoScreen (a) and the RTube (b). Individual
data points plotting the pH values are shown for the immediate
analysis in comparison to the analysis performed after freezing
for 8 weeks. The solid line is the line of identity. Closed
squares ¼ asthma; open squares ¼ allergic rhinitis; cir-
cles ¼ healthy.
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Figure 2 Difference between the EcoScreen and the RTube
measurements of pH (EcoScreen – RTube) plotted against the
mean pH values in nondeaerated (a) and deaerated (b) EBC
samples analyzed immediately after collection. The continuous
line represents mean difference and the dashed lines represent
72SD for the differences. Closed squares ¼ asthma; open
squares ¼ allergic rhinitis; circles ¼ healthy.
Table 2 EBC pH values obtained after immediate
analysis and after freezing for 8 weeks.
Immediate
analysis
8 weeks frozen
EcoScreen
Deaerated samples 8.17 (8.08–8.26) 8.24 (8.13–8.35)
Nondeaerated
samples
6.99 (6.85–7.13) 7.26 (7.16–7.36)
Rtube
Deaerated samples 8.05 (7.92–8.17) 8.11 (7.98–8.23)
Nondeaerated
samples
6.67 (6.53–6.81) 6.95 (6.85–7.06)
Po0:0001 immediate analysis vs frozen: data are pre-
sented as mean (95% CI).
L. Prieto et al.1718freezing for 8 weeks were signiﬁcantly less acidic
ðPo0:0001Þ than values obtained after immediate analysis
(Table 2, and Figs. 3 and 4).Discussion
Our ﬁndings clearly demonstrate that the RTube collection
system provides EBC samples signiﬁcantly more acidic than
the EcoScreen condenser, and that EBC pH values obtained
with these two collecting devices are not strictly compar-
able. Furthermore, our results suggest that, if deaeration
with argon is performed before each measurement, storage
at 80 1C for 8 weeks has no effect on EBC pH, but this
storage has a profound inﬂuence on EBC pH when samples
are not deaerated before each assay.
Previous studies of EBC pH have used argon deaeration for
the removal of CO2 prior to pH measurement.
1,2,5,8 This
process causes CO2 within the sample to diffuse out along a
concentration gradient until equilibrium occurs. However,
the published literature was divided in opinion regarding the
necessity of this procedure, because EBC deaeration is
tedious, costly, and time-consuming. Other investigators do
not deaerate samples, but also ﬁnd signiﬁcant differences in
EBC pH between health and disease.3,11,15 The pH values in
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Figure 4 Differences in nondeaerated EBC pH for samples
obtained with the EcoScreen (a) and the RTube (b) between
samples analyzed immediately and after freezing for 8 weeks
(freezing—immediately). The continuous line represents mean
difference and the dashed lines represent 72SD for the
differences. Closed squares ¼ asthma; open squares ¼ allergic
rhinitis; circles ¼ healthy.
EBC pH with two devices 1719the nondeaerated EBC from healthy subjects are lower than
when deaerated, because of the difference in CO2 content.
In our subjects, the magnitude of change in EBC pH after
argon deaeration was approximately 1.00, which is similar to
recent reports in patients with chronic cough5 or COPD.9
While this manuscript was in preparation Soyer et al.16
reported that EBC pH measurements were similar in
deaerated samples obtained with the RTube and the
EcoScreen. The reasons for such discrepancies might be
related, at least in part, to differences in subject
characteristics. Soyer et al.16 studied healthy subjects,
whereas a signiﬁcant proportion of our individuals had
allergic rhinitis or asthma. In the present study, asthmatic
patients, subjects with allergic rhinitis and healthy controls
were selected. The reason was to obtain a wide range of pH
values, but the study was not designed to determine
differences between the three populations selected. By this
reason, we have renounced to compare the selective effect
of the method in each population. This aspect should be
studied in investigations designed with this objective. By
contrast, in nine healthy nonsmoking adults, Leung et al.11
reported that pH values in nondeaerated EBC obtained byRTubes were signiﬁcantly lower than those detected in EBC
obtained by EcoScreen. Our results are in line with these
observations and clearly support the hypothesis that
collection system is an important determinant of variability
of EBC pH. Thus, when EBC pH is measured for longitudinal
monitoring of disease activity in individual subjects, the
same device should be used.
We do not believe that differences in EBC pH values
between the two collection systems can be explained by
measurement errors, since we used methods previously
shown to be reliable. In addition, the ventilatory pattern as
well as the temperature and duration of collection for both
collection systems were similar. Thus, the inﬂuence of these
technical factors could be eliminated. Furthermore, the
order of EBC collection with each device was randomized,
and no inﬂuence of the order of the collection devices on
the pH values could be identiﬁed. We can accept, therefore,
that observed differences in the EBC pH are very likely to be
due to the method of collection.
In the absence of information about differences in volatile
compounds (CO2, acetic acid) between EBC samples
obtained with each device, we are unable to offer an
explanation for differences in EBC pH values. However, we
can propose some hypotheses. It has been demonstrated,
however, that EBC contains volatile bases and acids, such as
ammonia, CO2, and acetic acid. Furthermore, preliminary
evidence has been reported that acetic acid concentrations
are elevated in the EBC of some patients with asthma17 or
COPD10 and the results of a recent study suggest that EBC
acetic acid, like EBC ammonia, represents a salivary
contaminant.10 Consequently, although the reasons for this
are unclear and require further investigation, a potential
explanation for variability in EBC pH between samples
obtained with each device might be related to differences in
the concentration of volatile contaminants. Furthermore,
water-soluble volatile compounds are absorbed by the
condensing water during collection and it has been
suggested that if condenser temperatures are low enough
for EBC to collect in solid form in the chamber (starting
temperature p20 1C), water-soluble volatile components
of exhaled air will not be as well trapped as when the
condensation occurs in liquid phase at more modest
temperatures.8 In our study, the condensing temperature
for both devices was similar (about 20 1C), but we cannot
exclude that condensation would occur predominantly in the
form of condensed liquid for the RTube and in solid form for
the EcoScreen.18 Thus, it could be argued that the effect of
the collection system on EBC pH might be different at
condenser temperatures closer to zero. This needs to be
examined in future studies.
On the other hand, freezing samples at 80 1C for 8 weeks
has no effect on EBC pH in deaerated samples. The current
results are similar to those reported in healthy volunteers
where the pH in deaerated EBC remained stable after
freezing at 80 1C for 3 months9 or 2 yr.8 By contrast, the
pH values in nondeaerated samples were signiﬁcantly higher
after freezing at 80 1C, and this was observed in samples
obtained with both the EcoScreen and the RTube. This
variability cannot be attributed to errors in the sample
analysis, as similar results were not observed when the same
EBC sample was deaerated. Therefore, in studies performed
without deaeration, the pH of the EBC measured immediately
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L. Prieto et al.1720after collection may not be comparable with that obtained
after storage at 80 1C for 8 weeks.
In summary, some methodological issues regarding EBC pH
measurement have been clariﬁed. Speciﬁcally, the present
study conﬁrms that EBC pH value is dependent on the
collection device used, and that the RTube collection system
provides EBC samples signiﬁcantly more acidic than the
EcoScreen condenser. It has also been demonstrated that,
when EBC pH is measured after deaeration with argon,
samples can be frozen at 80 1C for up to 2 months without
any change in pH. By contrast, in nondeaerated samples, the
pH of the EBC measured immediately after collection may
not be comparable with that obtained after storage at
80 1C. Further work is required to investigate the reasons
for this variability.
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